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 Nearly 3 billion people worldwide rely on the daily use of cookstoves, which contribute 
to household air pollution and a variety of adverse health effects. We examined polycyclic 
aromatic hydrocarbon (PAH) exposure among 180 households in 22 villages in Gisenyi, 
Rwanda. During four surveys, we measured personal breathing-zone (BZ) and cooking area 
concentrations of the 16 PAHs in these households. We investigated how factors such as cooking 
location, stove type, and fuel type impacted PAH exposure. We also sought to understand 
whether the use of a cleaner-burning stove reduced PAH exposure. Naphthalene was the 
predominant PAH measured in both personal BZ and cooking area, with concentrations 10 – 20-
fold higher than the other 15 PAHs. As expected, we observed that cooking inside a house 
resulted in higher personal BZ PAH exposure compared to cooking outside. The use of fuelwood 
was associated with the highest personal BZ exposure; the highest measured when fuelwood was 
used with the portable charcoal stove (4.49 µg/m3 ± 2.44). The lowest personal PAH exposures 
were measured when a gas cooker or electric stove was used for cooking.  The cooking area 
PAH concentrations were significantly higher than the personal BZ concentrations (for all 
surveys p ≤0.008). These exposures were similar to occupational exposures reported in fish 
smokehouses and bitumen refineries. We observed divergent results as to the effectiveness of the 
Mimi Moto stove in reducing PAH exposures as, in some cases, the use of traditionally less 
efficient cookstoves resulted in lower personal exposure than the use of Mimi Moto stove. 
Further research is warranted to elucidate if Mimi Moto and/or other gasifying cookstoves can be 
optimized to reduce PAH emissions. Our findings show significant exposure to PAHs with 
traditional cookstove use indoors and emphasize the importance of clean cookstove initiative 
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 Household air pollution (HAP) is considered the largest contributor to the global burden 
of disease, the use of solid fuels such as wood, charcoal, and various biomass sources, combined 
with inefficient cooking methods contributes to household air pollution (World Bank 2015).  
There are a variety of pollutants and irritants that make up HAP; common pollutants found in 
household environments include volatile organic compounds (VOC’s), particulate matter (PM), 
methane, carbon monoxide, and polycyclic aromatic hydrocarbons (PAHs) (Marris et al., 2019).  
In Sub-Saharan Africa, it is estimated that between 2000 and 2030 there will be 8.1 million 
premature deaths among children that can be attributed to HAP (Jagger & Das, 2018).  Within 
Sub-Saharan Africa, Rwanda is the most densely populated country with the majority of its 
residents, 99.7%, relying on solid fuel sources, open flames, and inefficient stoves for cooking 
purposes (Jagger & Das, 2018).  The use of inefficient cooking methods and solid fuel sources 
directly contributes to harmful household air pollution, which can lead to a myriad of negative 
health effects (Forouzanfar et al., 2015).   
Household Air Pollution 
 Household air pollutants contribute to an array of adverse health effects, with certain 
pollutants being more nefarious than others.  A particularly well studied pollutant is particulate 
matter (PM), particulate matter is grouped into three categories based on size: course, fine, and 
ultrafine (Marris et al., 2019).  As it relates to combustion processes and HAP, fine particulate, 
otherwise known as PM2.5 is of most concern.  PM2.5 is fine particulate matter that is 2.5 microns 
in diameter, or smaller.  PM2.5 is commonly released during combustion processes, such as 
smoking cigarettes, household cooking fires, and burning trash (Marris et al., 2019).  PM2.5 is of 
particular concern due to the fact that the inhaled particulate is capable of reaching the distal 
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reaches of the lung and entering the blood stream (Lipsett et al., 2011).  Accordingly, PM2.5 has 
been implicated in causing cardiovascular disease, to include stroke, arrythmia, and 
atherosclerosis (Lipsett et al., 2011).  A long-term study conducted in the United States among 
California based teachers identified evidence to show a significant increase in stroke risk based 
on increased levels of PM2.5 exposure (Lipsett et al., 2011).  
 Carbon monoxide (CO) is a similarly ubiquitous HAP.  CO is generated through the 
combustion of various fuels such as wood, grass, and gasoline (Townsend & Maynard, 2002).  
Short term exposures to CO can cause dizziness, fainting, nausea, vomiting; high concentration 
acute exposures can cause death (Townsend & Maynard, 2002).  Long term exposures have been 
implicated in damage to the central nervous system, as well as increased incidence of stroke and 
cardiovascular disease (Townsend & Maynard, 2002) 
 
Polycyclic Aromatic Hydrocarbons  
Polycyclic aromatic hydrocarbons (PAHs) are commonly observed household air 
pollutants in households that engage in burning biomass for heating and cooking purposes, as 
PAHs are most often produced during combustion processes (Marris et al., 2019).  PAHs are a 
large family of contaminants, with over 100 different compounds commonly found in the 
environment, both from anthropogenic and natural sources (Marris et al., 2019).  Some PAHs are 
carcinogenic while others are capable of causing liver or kidney damage, cataracts, skin 
irritation, etc. (Abdel-Shafy & Mansour, 2016). Carcinogenic PAHs, such as benzo[a]pyrene, 
have been shown to cause cancers and tumor growth in animals, and are classified as Group 1 
carcinogens in humans (IARC, 2012). Further, PAHs can bind to PM and alter its biological 
availability (Abdel-Shafy & Mansour, 2016).   
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PAHs are a group of compounds that contain two or more aromatic rings that are fused 
(Jagger & Das, 2018).  PAHs are most typically formed through pyrolytic processes, most 
notably through the incomplete combustion of organic material, such as wood, forest products, 
grasses, and reeds commonly used in biomass cookstoves (World Health Organization, 2000).  
PAHs are typically lipophilic with low water solubility.  When released in the atmosphere they 
typically adsorb to other particulate, depending on vapor pressure and molecular weight.  Low 
molecular weight PAHs, typically two and four ring structures, are found in the gaseous phase, 
whereas larger structures with five or more rings bind to particulate (Marris et al., 2019).  In the 
atmosphere, PAHs often undergo photolysis where they are degraded by exposure to ultraviolent 
radiation; PAH structures which are adsorbed to particulate are typically more apt to undergo 
photolysis than their gaseous phase counterparts (Marris et al., 2019).  Due to variations in size 
and structure, the half-lives of PAHs in the atmosphere differ; larger molecular weight PAHs, > 
than 4 fused rings such as chrysene, can have half-lives exceeding 8 hours. Smaller PAHs, those 
with two to three aromatic rings, are typically degraded in less than 30 min (Marris et al., 2019). 
The United States Environmental Protection Agency (EPA) has identified 16 priority 
PAHs, which have been well characterized (Hussar et al., 2012).  These 16 priority PAHs differ 
from each other in structure, size, and attributed health effects (Figure 1).  Several of these 
priority PAHs have been found to be carcinogenic, including naphthalene, benzo[a]pyrene, and 
chrysene (Dybing., 2012).  These 16 priority PAHs also often serve as the benchmark for 
characterizing exposure to PAHs at-large (Hussar et al., 2012).   
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Figure 1. US EPA 16 priority polycyclic aromatic hydrocarbons (Rogers et al., 2016). 
 
 Due to the large number of different PAHs and their individual variations, the deleterious 
health effects they illicit differ widely.  Many PAHs have either toxic, genotoxic, or carcinogenic 
properties (Figure 3), further the health effects they affect vary based on route of exposure 
(Abdel-Shafy & Mansour, 2016).  The most concerning health effect surrounding inhalation 
exposure to PAHs is development of lung cancer (World Health Organization, 2000).  A 16-fold 
increase in lung cancer incidence was observed in a study conducted among coke-oven workers 
in the United States (Kim et al., 2013).  Notably, this group of workers is exposed to a large 
amount of benzo[a]pyrene, a known carcinogenic PAH, which was thought to contribute to their 
increased incidence in lung cancer (Kim et al., 2013).  
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In addition to carcinogenicity, animal studies have demonstrated immunotoxicity, 
genotoxicity, and reproductive toxicity based on various routes of exposure to PAHs (World 
Health Organization, 2000).  Increased incidences of lung cancer from inhalation, stomach 
cancer from ingestion, and skin cancer from skin exposure have been observed in studies 
conducted in laboratory settings using animals exposed to various PAHs over a long period of 
time (Reviewed in Kim et al., 2013).  Benzo[a]pyrene, anthracene, and naphthalene are direct 
skin irritants, and act as possible skin sensitizers in humans (Kim et al., 2013).  Long-term 
exposure to PAHs may also induce cataracts, kidney and liver damage, and cause the 
development of jaundice (Figure 2) (Kim et al., 2013).   
 





 Figure 3. Carcinogenicity of the 16 EPA priority PAHs (Dybing et al., 2012). 
 
Household Cookstove Usage 
 Globally, around 3 billion people rely on the use of inefficient cookstoves for their daily 
cooking needs, these stoves are often used indoors with limited to no ventilation (Cordes, 2019.).  
In addition to inefficient cookstoves, inefficient fuels are often used as well, such as biomass, to 
include: wood, reeds, grass, and straw (Forouzanfar et al., 2015).  Estimates vary, though by the 
World Health Organization, globally 4.3 million people die each year to causes attributable to 
indoor air pollution related to the use of inefficient cookstoves and inefficient fuels (World 
Health Organization, 2000). In addition to the harmful health effects caused by emissions, the 
inefficient cookstoves also create increased burden on households, namely women and children, 
to collect fuel for cooking (World Health Organization, 2000).  Further, the collection of fuels, 
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such as wood, increases pressure on local forests and grasslands where the biomass is collected 
(Cordes, 2019). 
 In Rwanda, 99.7% of households rely on solid fuels for household cooking needs, in rural 
areas firewood dominates as the predominant fuel source while households in urban and semi-
urban areas often rely on an even split between firewood (45.4%) and charcoal (50.1%) (Jagger 
& Das, 2018).  Most of the cooking stoves used in Rwanda are relatively simple, with limited 
combustion efficiency and relying on fuelwood or charcoal. In 2013, over 50% of the stoves in 
Rwanda used wood and charcoal as their fuel sources (World Bank, 2014).  Only 0.3% of the 
cookstoves in the Rwandan Improved Cookstove (ICS) market were stoves that could 
accommodate modern and clean burning fuels, such as liquid propane gas (LPG), natural gas, 
biogas, or electricity (World Bank, 2014).  As a result of nearly the entire population relying on 
solid fuels, Rwanda has a very high rate of non-renewable biomass utilization.  Further, 
utilization of non-renewable biomass is in excess of 50% and thus the forests and grasslands are 
likely under stress (Jagger & Das, 2018). 
 Multiple clean burning cookstove initiatives have been implemented in Rwanda in the 
past.  For example, the Ministry of Health and Del Agua distributed efficient wood rocket 
cookstoves at no cost to the end users, over 300,000 units were distributed, though the project 
failed to work successfully at scale (Jagger & Das, 2018).  Additionally, the Government of 
Rwanda Energy, Water and Sanitation Authority launched an education program to encourage 
households to use more efficient cookstoves, such as the improved clay wood-burning 
cookstove, the Canarumwe stove (Jagger & Das, 2018). 
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 Recently, a new company has begun operating in Rwanda with the hopes of distributing 
cleaner-burning cookstoves and fuels.  Inyenyeri is a for-profit installation in Rwanda that has 
been operating since 2011.  The company sells locally produced biomass pellets, and participates 
in a biomass exchange program, where individuals can turn in raw biomass in exchange for 
reduced or at cost biomass pellets (Jagger & Das, 2018).  Further, Inyenyeri also offers an 
improved cookstove, the Mimi Moto miniature fan driven gasifying stove (Figure 4), which has 
been classified as a Tier-4 stove, indicating that it is a very efficient cookstove.  The Tier-4 
rating indicates that the stove produces less PM and CO, which are both constituents of HAP that 
illicit harmful health effects (World Bank, 2014).  Inyenyeri typically operates by leasing the 
Mimi Moto stove, as the cost for the stove would be prohibitively expensive for the majority of 
households.  The company produces biomass pellets locally, with materials such as sustainably 
harvested eucalyptus trees and branches. Inyenyeri then prices the biomass pellets competitively 
with charcoal, a commonly used fuel by urban Rwandan households. As a result households that 
typically rely on charcoal can expect fuel costs on par or less than their baseline, charcoal, costs 
(Jagger & Das, 2018).   
 





 Our goal in this cookstove intervention program is to determine household cooks’ 
personal and cooking area PAH exposure profiles in Rwanda.  We aim to understand the various 
factors at play that can influence PAH exposure profiles, such as stove type, fuel type, area of 
usage, duration of use, etc.  In addition, we aim to understand how the Mimi Moto cookstove 
intervention influences cooks’ PAH exposure.  My goal in this study was to assess the PAH 
exposure profile across the four annual surveys that were conducted in a random sample of 180 
Rwandan households.  To accomplish my goal, I aimed to determine the various factors that 
contribute to the measured PAH concentrations and exposure profiles.  I hypothesized that the 
Mimi Moto cookstove produces significantly lower PAH concentrations compared to traditional 
charcoal or wood-burning stoves.  My prediction was that households who switched to the Mimi 
Moto stove during the 4-year study experienced reduced PAH exposure, in both personal and 
cooking area concentrations.  Finally, I predicted that indoor cookstove use would result in a 




 This cookstove intervention study was divided into four sampling surveys conducted 
annually among 22 villages, or Umudugudus, in Gisenyi, Rwanda (Figure 5).  The initial survey, 
Round 1, was conducted in 2015, followed by three intervention surveys occurring each year 
thereafter.  Households in the study were divided between intervention and control categories in 
order to determine if the Mimi Moto intervention decreased exposure to the measured PAHs and 
other HAP.  A Rwandan field team was trained to visit each household to interview the 
household’s primary cook regarding a variety of behaviors and routines in cooking practices, to 
determine aspects of the home and cooking area(s), and to perform the personal and cooking area 
sampling of PAHs, CO, and PM2.5 over a 24-hour period.  This study was approved by the UNC 
IRB (Study # 14-0735). 
 
Questionnaire 
The Rwandan field team was trained by UNC investigators to perform a questionnaire at 
each household during each survey (Appendix).  The team spoke both the native language, 
Kinyarwanda, and English.  The answers were posed and recorded in the local dialect and later 
translated to English.  The questionnaire was exhaustive, and among all the questions the 
following was asked and assessed: 
• Stove type • Secondary stove usage 
• Fuel type(s) • Cooking indoors vs outdoors 
• Type(s) of kindling used  • Various home dimensions 





Figure 5. Location of Gisenyi within Rwanda (World Atlas, 2012). 
Sampling Methods 
 The 24-hour cooking area air samples were collected using PUF/XAD2 sampling devices 
(Figure 6).  The sampling equipment was attached to a tripod, which was placed at a 1-m 
distance from the cookstove; this distance was to be maintained if the stove were to be moved.  
The sampling equipment was placed at a 1.5-m height on the tripod.  The sampling pumps were 
set to run an alternating pattern; engage for one minute and then turn off for five minutes, 
alternating over the 24-hour period.   
Personal sampling was also conducted using the PUF/XAD2 sampling tube and a 
wearable pump.  Participants wore a small backpack which was fitted with the pump and 
associated sampling equipment.  The air pump was to draw 2L/min over a 24-h period, the 
sampling intake was located in the participants breathing zone.  The participant was to wear the 
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sampling device for 24 h; when bathing or sleeping the backpack could be removed and placed 
near the participant.   
 The PUF/XAD2 sampling tube meets the U.S. EPA and the American Society for Testing 
and Materials (ASTM) method requirements to sample an array of compounds, such as 
organochlorine pesticides, polychlorinated bisphenols (PCBs), and PAHs in ambient air.  The 
tube is used as an active sampler requiring a pump to draw air through at a constant rate and can 
be used to measure for up to 24 h (SKC Inc, Eight Four, PA).  The PUF/XAD2 tube consists of 
four components housed inside of a glass tube, the first component being a glass-fiber filter 
(GFF), which collects the larger particle phase PAHs.  It also contains two polyurethane foams, 
which sandwich the XAD2 beads; this combination of materials readily captures the gas phase 
PAHs that pass through the glass fiber filter.   
After the 24-h sampling event, the field team collected the personal and area sampling 
equipment. The PUF/XAD2 tubes were then wrapped in aluminum foil and bubble wrap, then 
placed individually into a glass container; this served to protect them in transit (Figure 6).  The 
samples were stored at 20°C at a local field office prior to their shipping to Chapel Hill, North 
Carolina for analysis.  Once received at UNC, the samples were immediately stored in a freezer 
at -20°C before sample processing and analysis.  The sampled air volume was determined by 
recording the pump flow rate prior to and after donning and the time the pump operated over the 
24-h period.  Air pumps were calibrated prior to and after sampling in order to determine the 
specific flow rate.  The calibration ensured that the pumps operated at the desired flow rate over 




Figure 6. SKC PUF/XAD2 assembly. 
 
Laboratory Sample Preparation  
 The PUF/XAD2 samples were removed from the -20°C freezer and allowed to equilibrate 
to room temperature for 20 min.  After the sampling assemblies reached room temperature, the 
plastic O-ring was removed with forceps and discarded.  The glass fiber filter (GFF) was 
removed using forceps and was placed into a 20 mL glass vial where 5 mL of toluene was added.  
The vial was then sonicated for 40 min to allow the collected media to release from the filter.  
After sonication the filter was removed and safely discarded.  The remaining toluene was 









extracted using a syringe; after extraction a 0.45 μm PTFE filter was attached to the syringe and 
the volume was transferred through the PTFE filter into an 8mL glass vial, which was then 
stored in a -20°C freezer.  To prepare for gas chromatography-mass spectrometry (GC-MS) 
analysis, 900 μL of the solution was removed from the 8mL vial and transferred into a 1.8 mL 
amber glass autosampler vial.  Then, 100 μL of 0.5 μg/mL phenanthrene-d10 internal standard 
was added to the 1.8 mL amber glass vial and the vial capped and crimped for GC analysis.   
 The first PUF was removed using forceps and placed into a 20-mL glass vial, the 
Tenax™ beads were then transferred into the same 20-mL vial using a funnel.  The second PUF 
was removed with forceps and placed into the 20-mL vial holding the first PUF and the beads 
and 15 mL of toluene was added to the vial.  The samples were sonicated for 40 min to release 
the collected media into solution.  After sonication, the toluene solution was extracted with a 
syringe, a 0.45 μm PTFE filter was attached to the syringe, and the solution was passed through 
the filter into an 8-mL glass vial, which was then stored at –20°C.  To prepare for GC-MS 
analysis, samples were removed from the freezer and allowed to equilibrate to room temperature.  
Then, 900 μL of the solution was removed from the 8-mL vial and transferred into a 1.8 mL 
amber glass autosampler vial.  Phenanthrene-d10 internal standard (100 μL of 0.5 μg/mL) was 
added to the 1.8 mL amber glass vial, the vial was capped and crimped, and placed in the freezer 








GC-MS Analysis  
The GC-MS system used for sample analysis was a Finnigan PolarisQ quadrupole ion 
trap mass spectrometer coupled to a Finnigan TraceGC Ultra gas chromatograph (Thermo 
Scientific, Waltham, MA).  Samples were injected (1.0 µL) at 275°C in splitless mode (2.0 min) 
with helium as the carrier gas (1.0 mL/min).  Reversed phase separations were carried out on a 
Restek Rxi-PAH column (0.10 μm film thickness, 60 m length x 0.25 mm internal diameter) 
connected to a Restek Rxi guard column (5 m length x 0.25 mm internal diameter) using an 
undeactivated universal press-tight connector (Restek Corp., Bellefonte, PA).  The GC column 
temperature program was as follows: 
• 100°C held for 1 min 
• 100 – 210°C at 10°C/min 
• 210 – 250°C at 3°C/min 
• 250 – 290°C at 8°C/min 
• 290 – 330°C at 3°C/min 
• 330 – 350°C at 20°C/min 
• 350°C held for 20 min 
The GC transfer line and MS ion source were maintained at 300°C and 200°C, 
respectively.  Precursor ions were generated by positive electron ionization (70 electron volts) 
and quantitated by selective ion monitoring for ions of the following ions of the EPA-16 PAH 





Table 1. Characteristics of the EPA-16 PAHs and the internal standard phenanthrene-d10. 








Naphthalene  2 128.2 217.9 1 
Acenaphthylene 3 152.2 280.0 2 
Acenaphthene 3 154.2 297.0 2 
Fluorene 3 166.2 295.0 2 
Anthracene 3 178.2 339.9 3 
Phenanthrene 3 178.2 340.0 3 
Fluoranthene 4 202.3 384.0 4 
Pyrene 4 202.1 404.0 4 
Benz(a)anthracene 4 228.3 437.6 5 
Chrysene 4 228.3 448.0 5 
Benzo(b)fluoranthene 5 252.3 481.0 6 
Benzo(k)fluoranthene 5 252.3 480.0 6 
Benzo(a)pyrene 5 252.3 311.0 6 
Benzo(ghi)perylene 6 276.4 500.0 7 
Indeno(1,2,3-cd)pyrene 6 276.3 536.0 7 
Dibenz(a,h)anthracene 6 278.4 524.0 7 
Phenanthrene-d10 
(Internal Standard) 





Standard Curve and Method Detection Limit Preparation 
Standard curves were prepared for sample analysis by creating serial dilutions using the 
EPA-16 PAH standard solution from Sigma-Aldrich (St. Louis, MO).  An internal standard (IS), 
deuterated phenanthrene-d10 was also added to the standard curve solutions.  The IS was 
prepared by diluting 13.1 mg of the phenanthrene-d10 preparation with 13.1 mL of toluene.  This 
yielded a 1 mg/mL solution, from which 100 mL was taken and diluted into 19.9 mL of toluene 
to create the final internal standard to be used in GC-MS analysis.  The preparation for the 
standard curves involved two serial dilution series that were generated from the 10 μg/mL EPA-
16 PAH standard solution.  For the first serial dilution, 1200 μL of the EPA-16 PAH standard 
solution was added to 400 μL of toluene, creating a 7.5 μg/mL solution.  For the second serial 
dilution, 800 μL of the 7.5 μg/mL EPA-16 PAH standard solution was added to 800 μL of 
toluene producing a 5.0 μg/mL solution.  Finally, 800 μL was taken individually from each of the 
dilutions, 7.5 and 5.0 μg/mL, and individually combined with 800 μL of toluene.  The dilution 
series contained 17 total solutions, starting with 7.5 μg/mL to 0.059 μg/mL and 5.0 μg/mL to 
0.039 μg/mL. 
Method detection limits (MDL) were determined for the samples collected during each of 
the four survey rounds.  The MDL procedure was adapted from EPA MDL literature, “Definition 
and Procedure for the Determination of the Method Detection Limit, Revision 2.”(“MDL 
Procedure”).  The first round of analysis used an MDL concentration of 0.0059 μg/mL, though 
subsequent rounds of analysis used an MDL concentration of 0.0078 μg/mL as there were no 
samples with PAH concentrations below 0.0078 μg/mL.  Each MDL sample had a volume of 
200 μL, containing 160 μL of toluene, 20 μL of EPA internal standard, and 20 μL of the 




 Statistical analysis was performed using Microsoft Excel 2016.  Combined gas-phase and 
particle-phase PAHs were examined between the four survey rounds.  In order to investigate the 
effects of the environmental variables of interest, such as stove type, fuel type, and cooking 
location, means, medians, and standard deviations for the exposure estimates were calculated and 
t-tests were performed.  The statistical significance was determined at a  a-level of 0.05 





 Table 2 describes the number of households that participated in each survey round.  The 
number of personal BZ samples successfully collected and analyzed for PAH concentrations are 
given in the middle row.  The number of households in which area sampling was successfully 
conducted are given in the last row.  Fewer cooking area samples than personal BZ samples were 
collected amongst the participating households due to the available equipment for the study.  
Table 2. The number of households that participated in each of the four surveys and the number 
of households with valid personal and cooking area sampling measurements. 
 
 
Round 1  Round 2 Round 3 Round 4 
Participating 
Households 








58 60 52 54 
Round 1 Survey: 
The Round 1 survey consisted of 180 households, from whom 170 personal sampling and 
58 area sampling results were obtained (Table 2).  Among the 180 participating households, five 
different primary stoves were used: 74.4% used a portable charcoal stove, 18.9% a fixed 
charcoal stove, 3.8% a traditional 3-stone stove, 1.6% a gas cooker, and 1.1% a Canarumwe 
stove (Figure 7).  The majority of the households (64%) reported using a secondary stove.  The 
portable charcoal stove was the most commonly used secondary stove (34.4% of the 
households).  No household used the Mimi Moto, electric, or other stove type during Round 1. 
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Figure 7. Primary stoves used among the Round 1 households. 
 
The majority of the households used charcoal as their primary fuel source (93.3%), with 
only 5% using fuelwood and 1.7% natural gas (Figure 8).  Of the 180 households, 72.7% 
performed their cooking inside and only 27.2% did most of their cooking outdoors (Figure 8). 




































Round 2 Survey: 
The Round 2 survey consisted of 172 households from whom 163 personal sampling and 
52 area sampling results were obtained (Table 2).  Among the 172 households, six different 
primary stoves were used: 66.2% of the households used a portable charcoal stove, 23.8% a fixed 
charcoal stove, 6.9% the Mimi Moto, 0.58% a traditional 3-stone stove, and 1.7% a gas cooker, 
while 0.58% used a built in wood stove (Figure 9).  The use of a secondary stove was reported in 
84.8% households, with the portable (39.5%) and fixed (22.7%) charcoal stoves being the most 
popular secondary stoves.  No household used an electric stove or Canarumwe as their primary 
stove during Round 2.   
Figure 9. Primary stove use among the Round 2 households. 
 
The majority of the households used charcoal as their primary fuel type (88.9%) and 

















Figure 10. Characteristics of Round 2 households: (A) Primary Fuel, (B) Cooking location. 
 
Round 3 Survey: 
 The Round 3 survey consisted of 177 participating households from whom 172 personal 
sampling and 52 area sampling results were obtained (Table 2).  In the 177 households, seven 
different primary stoves were used: 57% used a portable charcoal stove, 22% a fixed charcoal 
stove, 10.7% the Mimi Moto stove, 1.6% a traditional 3-stone stove, 6.7% a gas cooker, 1.7% a 
Canarumwe, and 0.5% an electric stove (Figure 11).  A secondary stove was used in 90.3% of 
the households, of which 45% used a portable charcoal stove as their secondary stove, 17.5% a 
fixed charcoal stove, and 9.6% a Mimi Moto. 
Among the 177 participating households, 81.3% used charcoal as their primary fuel 
source while biomass pellets were used by 10.7% of households (Figure 12).  Majority of the 
households did the of their cooking indoors (72.3%) while 27.1% reported predominately 





















































Figure 11. Primary stove use among the Round 3 households. 
 





































































Round 4 Survey: 
 The Round 4 survey consisted of 177 participating households from whom 172 personal 
and 54 area sampling results were obtained (Table 2).  Among these 177 households, six 
different primary stove types were used: 45.2% used a portable charcoal stove, 14.7% a fixed 
charcoal stove, 26.5% the Mimi Moto stove, 0.5% a traditional 3-stone stove, 12.4% a gas 
cooker, and 0.5% a Phillips gasifying stove (Figure 13).  Canarumwe or electric stove was not 
used as a primary stove in any of the households in Round 4.  Of the 177 households, 64.4% 
used a secondary stove; 24.8% used a portable charcoal stove, 12.9% a fixed charcoal stove, and 
12.9% the Mimi Moto. 
 
Figure 13. Primary stove use among the Round 3 households. 
 
Round 4 households primarily used charcoal for cooking (61.5%). Biomass pellets were 
used by 24.8% of the households (Figure 14).  Most of the households did their cooking indoors 
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Figure 14. Characteristics of Round 4 households: (A) Primary Fuel, (B) Cooking location. 
 
Comparions of the Stove and Fuel Use 
The use of charcoal as the primary fuel decreased during each consecutive survey round 
(Figure 15).  Biomass pellet usage increases, particularly in Round 4 during which 43 households 
used biomass pellets as their primary fuel source.  The use of the portable charcoal stove as a 
primary stove decreased across the four rounds, while the fixed charcoal stove use did not 
change considerably (Figure 16).  In Round 1, 123 households used a portable charcoal stove as 
their primary cook stove while only 80 households used the portable charcoal stove as their 
primary stove in Round 4.  The use of both the Mimi Moto and a gas cooker was increased in 
Round 4 compared to their use during the other three rounds.  In Round 4, 22 households used a 
gas cooker as their primary stove while 11 households used it in Round 3.  In Round 4, 46 
households used the Mimi Moto compared to 19 households in Round 3.  Secondary stove use 
was more consistent across the four rounds compared to the primary stove use (Figure 17).  The 



















Figure 15. Primary fuel used by households amongst the survey rounds. 
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Figure 17. Secondary stove usage amongst households between the survey rounds. 
 
Personal Breathing-zone and Cooking Area Concentrations of 16 EPA Priority PAHs 
Figures 18, 19, 20, and 21 show the mean concentrations for each of the 16 EPA priority 
PAHs measured in the cooks’ personal BZ and in the cooking area samples for each of the four 
survey rounds, respectively.  Because naphthalene concentrations were considerably higher than 
the other PAHs, naphthalene concentration is shown on the left, y-axis, while the concentrations 
of all the other 15 PAHs follow the right-hand, y-axis, in these figures.  The measured mean BZ 
PAH concentrations did not significantly differ between the four survey rounds.  Similarly, no 
significant difference was observed in the mean PAH concentrations measured in the cooking 
areas between the four rounds.  In all four rounds, the cooking area PAH concentrations were 
significantly higher than personal BZ PAH concentrations (Round 1 p = 0.002; Round 2 p = 
0.008; Round 3 p = 0.007; and Round 4 p = 0.001).  In no instance during the four rounds did the 
personal BZ concentrations exceed cooking area concentrations. 
Across the four rounds, in both personal and cooking area samples, naphthalene was 
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mean personal naphthalene concentration and standard deviation (SD) were 0.76 ± 1.97 µg/m3 
while the mean area naphthalene concentration and SD were 2.21 ± 5.29 µg/m3.  In Round 2, the 
mean personal naphthalene concentration and SD were 0.98 ± 2.96 µg/m3 and the mean cooking 
area concentration and SD were 2.70 ± 7.78 µg/m3.  In Round 3, the mean personal naphthalene 
concentration and SD were 0.88 ± 2.01 µg/m3 and the mean cooking area concentration and SD 
were 1.46 ± 2.81 µg/m3.  In the final Round 4, the mean personal naphthalene concentration and 
SD were 0.73 ± 1.62 µg/m3 and the mean cooking area concentration and SD were 1.80 ± 4.68 
µg/m3.  Personal BZ naphthalene concentrations did not differ significantly between the four 
survey rounds. The highest personal naphthalene concentrations were observed in Round 2 (0.98 
± 2.96 µg/m3) while the lowest naphthalene concentrations (0.73 ± 1.62 µg/m3) were observed in 
Round 4.  Slightly more variation existed between cooking area naphthalene concentrations, the 
lowest being 1.46 ± 2.81 µg/m3 in Round 3 and the highest 2.21 ± 5.29 µg/m3 in Round 1. 
Aside from naphthalene, acenaphthylene and phenanthrene were the other PAHs 
occurring in the greatest concentrations across the four rounds (Figures 22 and 23).  The highest 
personal acenaphthylene concentrations (0.15 ± 1.00 µg/m3) were measured in Round 2 while 
the lowest (0.07 ± 0.22 µg/m3) were measured in Round 4.  The highest cooking area 
acenaphthylene concentrations (0.58 ± 2.68 µg/m3) were measured in Round 2 and the lowest 
(0.17 ± 0.74 µg/m3) in Round 3.  For phenanthrene, the highest personal concentrations (0.10 ± 
0.38 µg/m3) were measured in Round 2 while the lowest (0.02 ± 0.05 µg/m3) were measured in 
Round 4.  The highest cooking area phenanthrene concentrations (0.40 ± 1.16 µg/m3) were 
measured in Round 2 and the lowest (0.02 ± 0.24 µg/m3) in Round 4.   
Benzo[a]pyrene concentrations were relatively low compared to many of the other PAHs 
across the four survey rounds (Figures 23 and 24).  The highest personal benzo[a]pyrene 
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concentration of 0.02 ± 0.01 µg/m3 was measured in Round 4 and the lowest (0.002 ± 0.01 
µg/m3) in Round 3.  The highest mean cooking area benzo[a]pyrene concentration of 0.10 µg/m3 
± 0.08 was measured in Round 4 and the lowest (0.006 ± 0.03 µg/m3) in Round 3.  
 
Figure 18. Mean personal breathing-zone and cooking area PAH concentrations in Round 1.  
(Note: napthalene concentration is indicated by the y-axis on the left while the other PAH 
















































































































































































Figure 19. Mean personal breathing-zone and cooking area PAH concentrations in Round 2.  
(Note: napthalene concentration is indicated by the y-axis on the left while the other PAH 
concentrations follow the y-axis on the right). 
 
 
Figure 20. Mean personal breathing-zone and cooking area PAH concentrations in Round 3. 
(Note: napthalene concentration is indicated by the y-axis on the left while the other PAH 






















































































































































































































































































































































Figure 21.  Mean personal breathing-zone and cooking area PAH concentrations in Round 4.  
(Note: napthalene concentration is indicated by the y-axis on the left while the other PAH 











































































































































































Figure 22. Mean personal breathing-zone PAH concentrations measured during the four independent survey rounds.  (Note: 































































































































Figure 23. Mean cooking area PAH concentrations measured during the four independent survey rounds  (Note: napthalene 















































































































The Effect of Indoor and Outdoor Cooking in Personal PAH Exposure 
The following figures, 24, 25, 26, and 27 show the mean personal BZ PAH 
concentrations for each of the EPA 16 priority PAHs, comparing households that did their 
cooking primarily indoors vs. outdoors. In Round 1, personal PAH concentrations were 
significantly higher when cooks were cooking indoors (n=131) than cooking outdoors (n=49) (p 
= 0.009).  Similarly, personal PAH concentrations for those who cooked indoors (n=131) were 
significantly higher than for those who cooked outdoor (n=40) in Round 2 (p = 0.010).  
Interestingly, in Round 3, no significant difference was observed between indoor (n=128) and 
outdoor (n=49) cooking (p= 0.364).  Similar to Round 3, no significant difference was observed 
between indoor (n=136) and outdoor (n=41) cooking in Round 4 (p= 0.386).   
 
Figure 24. Mean personal breathing-zone PAH concentrations measured in households that 
performed cooking primarily indoors vs. outdoors in Round 1. (Note: napthalene concentration is 



















































































































































Figure 25. Mean personal breathing-zone PAH concentrations measured in households that 
performed cooking primarily indoors vs. outdoors in Round 2. (Note: napthalene concentration is 




Figure 26. Mean personal breathing-zone PAH concentrations measured in households that 
performed cooking primarily indoors vs. outdoors in Round 3. (Note: napthalene concentration is 




























































































































































Figure 27. Mean personal breathing-zone PAH concentrations measured in households that 
performed cooking primarily indoors vs. outdoors in Round 4. (Note: napthalene concentration is 




The Effect of Primary Stovetype to Personal PAH Exposure: 
Cooks’ personal BZ PAH exposure by the stove type that was primarily used for cooking 
is shown in Figures 28-31.  The figures display the mean concentration measured for each 
individual PAH species, however, to compare the cooks’ measured personal PAH exposures by 
the use of a specific stove type, each cook’s total PAH exposure (i.e., the sum of the PAH 
species) was used in the analysis discussed heron.  In Round 1, use of the Canarumwe stove 
(n=2) and traditional 3-stone stove (n=7) resulted in the highest personal PAH exposures 
compared to the use of other stove types (2.870 ± 0.84 μg/m3 and 3.612 ± 3.28 μg/m3, 
respectively).  The use of a gas-powered cook stove (n=2) resulted in the lowest personal PAH 


























charcoal stoves (2.562 ± 3.88 μg/m3; n=33) had lower PAH exposure than the cooks who used 
Canarumwe or the 3-stone stove.  No significant difference in the cooks’ personal PAH exposure 
was observed between fixed and portable charcoal cookstove use (p=0.356).  Further, no 
significant difference among cooks’ personal PAH exposure was observed between either the 
fixed or portable stove type used with charcoal and the gas cooker, although this may be due to 
the small sample size of gas cookers, with only two households using that style stove. 
 In Round 2, the use of fixed charcoal cookstove as the primary cookstove resulted in the 
highest observed personal PAH exposure (3.83 ± 10.54 μg/m3; n=40) (Figure 29).  The portable 
charcoal stove was the most utilized primary stove in Round 2 (n=106) and resulted in slightly 
lower personal PAH exposure than the fixed charcoal stove (2.31 ± 3.15 μg/m3).  We did not 
observe a significant difference between the personal PAH exposure when fixed and portable 
charcoal stoves were used (p=0.18).  The single cook who used a traditional 3-stone stove had a 
PAH exposure less (0.78 μg/m3) than cooks who used either style charcoal stoves.  The use of 
the Mimi Moto (n=12) and electric cookstoves (n=3) resulted in lower personal PAH exposure 
than the use of either style charcoal stove (1.253 ± 0.92 μg/m3 and 0.703 ± 0.28 μg/m3, 
respectively).  Primary cooks that used a gas cooker had PAH exposures significantly less than 
the Mimi Moto users (p=0.014).  As we might expect, cooks who used portable charcoal stoves 
had significantly higher PAH exposure than those who used the Mimi Moto (p=0.021).  
Interestingly, no significant difference in the personal PAH exposure was observed between the 
use of fixed charcoal and the Mimi Moto stove (p=0.08).  
 In Round 3, the traditional 3-stone stove was only used by three households, but the use 
resulted in the highest personal PAH exposure observed in the survey round (3.49 ± 2.82 μg/m3) 
(Figure 30).  The cooks who used a fixed charcoal stove (n=36) had the second highest personal 
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PAH exposure (3.03 ± 4.64 μg/m3) while those who utilized the portable charcoal stove (n=100) 
had a slightly lower PAH exposure (2.21 ± 2.85 μg/m3).  We observed no significant difference 
in personal PAH exposure for cooks who used portable or fixed charcoal stoves (p=0.159).  Not 
surprisingly, the use of the Mimi Moto, gas cooker, and electric stove resulted in the lowest 
personal PAH exposures.  The personal PAH exposure was 1.74 ± 0.96 μg/m3 when Mimi Moto 
was used (n=19) while slightly lower, but not significantly different (p=0.10), total personal 
PAH exposure of 1.31 ± 0.85 μg/m3 was observed for those who used a gas cooker (n=11).  
Further, no significant difference was observed between the use of the Mimi Moto cookstove and 
either the portable or fixed charcoal stoves. Only one household used an electric stove and the 
cook had the lowest observed PAH exposure of 0.866 μg/m3 in Round 3.  
 In the final Round 4, the cooks who used a fixed charcoal stove (n=26) had the highest 
personal PAH exposure (3.03 ± 4.45 μg/m3) (Figure 31).  Interestingly, the use of portable 
charcoal stove, the most used cookstove (n=80), resulted in PAH exposure of 1.82 ± 1.77 μg/m3, 
which was almost half and significantly different (p=0.044) of that measured in cooks who used 
fixed charcoal stoves.  The Mimi Moto was utilized the most in Round 4 (n=47) of all the 
rounds.  Interestingly, no significant difference was observed in the personal PAH exposure 
between the cooks’ who used the Mimi Moto (2.43 ± 2.62 μg/m3) and those who used fixed or 
portable charcoal stove (p=0.17 and 0.088, respectively).  Similar to the Mimi Moto, the gas 
cooker was used the most in Round 4 (n=22) of all the rounds.  The cooks who used gas cooker 
had the lowest personal PAH exposure observed in Round 4 (0.99 ± 1.02 μg/m3).  A significantly 
higher PAH exposure was observed in cooks who used Mimi Moto compared to those who used 
gas cooker (p=0.0009).  As expected, the use of both portable and fixed charcoal stoves resulted 
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Figure 28. Mean personal PAH concentrations by the primary stove type in Round 1.  (Note: napthalene concentration is indicated by 






















































































































































Figure 29. Mean personal PAH concentrations by the primary stove type in Round 2.  (Note: napthalene concentration is indicated by 



















































































































































Figure 30. Mean personal PAH concentrations by the primary stove type in Round 3.  (Note: napthalene concentration is indicated by 


























































































































































Figure 31. Mean personal PAH concentrations by the primary stove type in Round 4.  (Note: napthalene concentration is indicated by 

















































































































































The Effect of Fuel and Stove Type on Personal PAH Exposure: 
The mean of cooks’ total PAH exposure (i.e., the sum of the PAH species for each cook), 
for each combination of primary stove and fuel type used by the cooks in each survey round are 
shown in Table 3. The most commonly used primary stove and fuel combination across all four 
surveys was the portable charcoal stove with charcoal fuel.  The second most common 
combination was the fixed charcoal stove with charcoal fuel, however, no significant difference 
in PAH exposure was found between the use of these stove types and fuel types across the four 
rounds.  In all the four rounds, the highest personal PAH exposure occurred when a portable 
charcoal stove was combined with fuelwood (4.49 ± 2.44 µg/m3) but only two households 
utilized this combination during the whole study.  When fuelwood was used in a traditional 3-
stone stove, the personal PAH exposures were also high; 3.612 ± 3.40 µg/m3 in Round 1 and 
3.492 ± 3.99 µg/m3 in Round 3.   
The lowest personal PAH exposures were measured for cooks who used a Mimi Moto, gas 
cooker, or electric stove.  However, these stoves were not as commonly used as either the portable or 
fixed charcoal stoves.  Gas cookers had relatively low adoption throughout the four rounds (n=2, 3, 
11, and 22, respectively), although the personal PAH exposures were among the lowest compared to 
the other stove and fuel type combinations.  Cooks who used a gas cooker had personal PAH 
exposure of 1.089 ± 0.62 µg/m3 in Round 1, 0.703 ± 0.281 µg/m3 in Round 2, and 1.31 ± 0.85 µg/m3 
in Round 3.  The highest usage of gas cookers as the primary cookstove occurred in Round 4, and the 
personal PAH exposure for the 22 cooks who used gas cookers was 0.99 ± 1.02 µg/m3.  An electric 




Table 3. The means and standard deviations of the cooks’ total PAH exposure for each 
combination of primary stove and fuel type used by the cooks in each survey round.  
 
Personal Samples – Stove Type  
Total PAH Concentration ± 
standard deviation (µg/m3) 
Round 1 Round 2 Round 3 Round 4 
Traditional 3- 
Stone/Brick 
Fuelwood 3.612 ± 3.397 (N = 6) 
0.779 
(N = 1) 
3.492 ± 3.985 
(N = 2) - 
Charcoal 0.746 (N = 1) - 
3.124 
(N = 1) 
0.617 
(N = 1) 
Biomass Pellets - - - - 
Crop Residues - - - - 
Reeds/Grasses - - - - 
Kerosene/Paraffin - - - - 
Canarumwe 
Fuelwood 2.870 ± 0.837 (N = 2) - 
2.003 
(N = 1)  
Charcoal - - -  
Biomass Pellets - - -  
Crop Residues - - -  
Reeds/Grasses - - -  
Kerosene/Paraffin - - -  
Portable 
Charcoal Stove 
Fuelwood - 4.490 ± 2.440 (N = 2) - - 
Charcoal 2.180 ± 4.436 (N = 123) 
2.272 ± 3.143 
(N = 103) 
2.07 ± 2.845 
(N = 100) 
1.826 ± 1.767 
(N = 80) 
Biomass Pellets - - - - 
Crop Residues - - - - 
Reeds/Grasses - - - - 
Kerosene/Paraffin - - - - 
Fixed Charcoal 
Stove 
Fuelwood 0.866 (N = 1) 
3.819 ± 2.830 
(N = 2) - - 
Charcoal 2.523 ± 3.929 (N = 31) 
3.881± 10.815 
(N = 37) 
3.027 ± 4.644 
(N = 36) 
3.306 ± 3.988 
(N = 26) 
Biomass Pellets - - - - 
Crop Residues - - - - 
Reeds/Grasses - - - - 





Fuelwood - - - - 
Charcoal - 1.253 ± 0.243 (N = 2) - 
1.157 ± 0.28 
(N = 3) 
Biomass Pellets - 1.580 ± 1.047 (N = 9) 
1.737 ± 0.958 
(N = 19) 
2.50 ± 2.720 
(N = 43) 
Crop Residues - 0.955 (N = 1) - - 
Reeds/Grasses - - - - 
Kerosene/Paraffin - - - - 
Gas Cooker LPG/Natural Gas 
1.089 ± 0.622 
(N = 2) 
0.703 ± 0.281 
(N = 3) 
1.310 ± 0.845 
(N = 11) 
0.99 ± 1.02 
(N = 22) 
Biogas - - - - 
Electric Stove Electricity - - 0.866 (N = 1) - 
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The Adoption of Cleaner Cooking Stoves and Its Effect on Household PAH Exposure 
Household comparisons reflected in Figures 33, 34, 35, and 36 show households that 
participated across at least three survey rounds and changed their primary stove type to a cleaner-
burning stove during the surveys.  The y-axis displays the total personal and/or cooking area 
PAH concentrations (i.e., the sum of the PAH species).  In Household 1, both personal BZ and 
cooking area PAH concentrations were reduced after switching from the portable charcoal style 
to the Mimi Moto stove (Figure 33).  The cook’s personal PAH exposure with the portable 
charcoal stove in Round 1 and 2 was 22.3 µg/m3 and 10.3 µg/m3, respectively.  After switching 
to the Mimi Moto in Round 3 and 4, the PAH exposure was reduced to 0.25 µg/m3 and 0.58 
µg/m3, respectively.  Similarly, cooking area PAH concentrations decreased after adoption of the 
Mimi Moto as the primary stove; from 16.97 µg/m3 and 8.99 µg/m3, respectively. 
Some households switched to cleaner-burning cookstoves but had minimal reduction in 
BZ PAH levels, and in some households personal BZ PAH exposures increased.  In Household 4 
(Figure 33), the cook’s personal PAH exposure increased after switching from a portable 
charcoal stove to the Mimi Moto.  Similarly, in Household 8 (Figure 33), the cook’s personal 
PAH exposure increased after switching from a portable charcoal stove that was used in Rounds 






Figure 32. Personal and cooking area PAH concentrations measured in households which participated in at least three surveys rounds 
and adopted a cleaner-burning primary stove.  (Note: Cooking area PAH concentration was only measured in Household 1.) 
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Figure 33. Comparison between individual households that participated in at least three rounds of surveys and adopted a cleaner-
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Figure 34. Comparison between individual households that participated in at least three rounds of surveys and adopted a cleaner-
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Figure 35. Comparison between individual households that participated in at least three rounds of surveys and adopted a cleaner-












































































Personal Breathing-zone Concentrations of 16 EPA Priority PAHs 
 Personal BZ measurements were collected to quantify the primary cooks’ exposure to the 
16 EPA priority PAHs during four surveys. Variation in each cook’s personal exposure was not 
observed to differ largely during the four rounds.  In addition, the primary cooks’ personal PAH 
exposures were similar to occupational exposures measured in workers employed in coal-fired 
powerplants, fish smokehouses, asphalt roofing, and bitumen refineries (Unwin et al., 2006). The 
means and standard deviations of the cooks’ total PAH exposures (i.e., the sum of the PAH 
species) across the four survey rounds are listed below: 
• Round 1: 2.26 ± 4.20 µg/m3 • Round 3: 2.29 ± 3.12 µg/m3 
• Round 2: 2.84 ± 6.58 µg/m3 • Round 4: 2.08 ± 2.43 µg/m3 
  
Throughout the four sampling rounds, naphthalene was measured in much greater 
concentrations than the other 15 PAHs.  This observation was also noticed in an occupational 
exposure study conducted in the UK, where naphthalene dominated PAH profiles and 
contributed 50-90% to the total PAH exposure (Unwin et al., 2006).  In our study, the cooks’ 
personal exposure to naphthalene ranged from 0.73 ± 1.22 µg/m3 (Round 4) to 0.98 ± 2.96 µg/m3 
(Round 2).  These exposures are considered to be below the level that could cause acute health 
impacts (Jia & Batterman, 2010). However, the naphthalene exposure remains concerning due to 
the fact that naphthalene is listed as a Group 2B carcinogenic by IARC, indicating that 
naphthalene is possibly carcinogenic to humans (IARC, 2010).  It should be noted that 
naphthalene is ubiquitous in the environment, originating, for example, from smoking cigarettes, 
use of some pesticides/repellants and mothballs, and if these products were used in the homes a 
potential exists for confounding the results of the exposure assessment (Batterman et al., 2012).   
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Aside from naphthalene, acenaphthylene and phenanthrene were the other PAHs 
measured in the highest concentrations in the four sampling rounds.  The cooks’ exposure to 
phenanthrene ranged from 0.02 ± 0.383 µg/m3 (Round 2) to 0.10 ± 0.05 µg/m3 (Round 4) while 
acenaphthylene exposure ranged from 0.07 ± 0.22 µg/m3 (Round 4) to 0.15 ± 1.00 µg/m3 (Round 
2).  The IARC determined that incomplete evidence exists to rank the carcinogenicity of 
phenanthrene in humans (IARC, 2010).  Further, most occupational phenanthrene exposure 
studies monitored exposure using urinary metabolite concentrations rather than inhalation 
exposure, making it difficult to compare occupational exposure profiles with those observed in 
this study.  Very little information exists regarding the health effects of acenaphthylene or its 
exposure profiles in occupationally exposed populations, and thus the IARC has determined that 
inadequate information exists to predict human carcinogenicity (IARC, 2010).   
Benzo[a]pyrene (BaP) is a critical PAH to monitor as it can serve as an indicator species 
for general PAH exposure; BaP concentration has been show to predict exposure levels of other 
PAHs (Unwin et al., 2006).  Further, BaP is a Class 1 carcinogen, meaning it is a known human 
carcinogen, making exposure particularly worrisome (IARC, 2010).  Primary cooks’ mean BaP 
exposure ranged from 0.002 ± 0.01 µg/m3 (Round 3) to 0.02 ± 0.01 µg/m3 (Round 4).  These 
exposure levels were similar to occupational exposures observed in tar distillation facilities, 
asphalt roofing, and tire manufacturing faculties (Unwin et al., 2006).  The United States 
Occupational Safety and Health Administration (OSHA) has set an 8-hour time-weighted 
average (8-h TWA) inhalation exposure limit for workplace BaP exposure at 2 mg/m3.  Though 
the results of our study are not analogous to an 8-h TWA, we can conjecture that the cooks’ BaP 
exposure did not exceed the OSHA exposure limit.  However, due to the known carcinogenic 
potential of BaP, no safe exposure level exists for BaP (Kim et al., 2013).   
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Cooking Area Concentrations of 16 EPA Priority PAHs 
PAH concentrations in the cooking area were measured along with the cooks’ personal 
BZ measurement in 180 households during the four sampling rounds (Table 2). Cooking area 
PAH concentrations are critical to measure, as the concentrations may indicate potential 
exposure to other household members, such as a spouse or children, in addition to primary 
cook’s exposure. Cooking area concentrations were significantly higher in each of the four 
rounds compared to personal BZ concentrations, indicating that, in addition to the primary cook, 
individuals who lingered near the cooking area in these households could also experience 
elevated PAH exposures. The means and standard deviations of the total PAH concentrations 
(i.e., the sum of the PAH species) measured in the cooking areas during each survey round were 
as follows: 
• Round 1: 6.79 ± 11.73 µg/m3 • Round 3: 4.63 ± 6.55 µg/m3 
• Round 2: 9.15 ± 19.61 µg/m3 • Round 4: 5.94 ± 8.67 µg/m3 
  
 The measured cooking area PAH concentrations were higher than previously reported 
residential and commercial cooking area PAH concentrations occurring in other parts of the 
world that do not rely on the use of cookstoves and traditional fuels.  Ambient area 
concentrations of the 16 EPA priority PAHs measured in pubs, restaurants, and clubs in 
Germany ranged from 0.02 to 0.84 µg/m3 (Choi et al., 2010).  An ambient air concentration of 
7.6 µg/m3, that included a sum of 12 PAHs, was measured in rural Chinese households in which 
traditional cookstoves were used for cooking (Choi et al., 2010); a similar concentration was 
observed in this study.  The same investigators also conducted ambient air measurements in hotel 
kitchens and reported an ambient area PAH concentration of 17 µg/m3 (Choi et al., 2010).  
Further, a median ambient air concentration of 15.8 µg/m3 for the 16 EPA priority PAH was 
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observed in a cross-industry occupational exposure study conducted in the United Kingdom in 
2006 (Unwin et al. 2006).  The industries that were included in that study consisted of steel 
work, coke oven, tire manufacturing, and power plants (Unwin et al., 2006).  The cooking area 
PAH concentrations observed in our study were less than the occupational exposures measured 
in the U.K. study.  The highest area PAH concentration in our study occurred in Round 2, 9.15 ± 
19.61 µg/m3, whereas the U.K study observed a mean area PAH concentration of 15.8 µg/m3 
(Unwin et al., 2006). 
 Although concentrations differed significantly between personal and cooking area 
concentrations, the exposure profiles of the 16 EPA priority PAHs did not vary amongst the four 
sampling rounds.  As in the personal BZ samples, naphthalene was the most prominent PAH 
measured in the collected cooking area samples.  Cooking area naphthalene concentrations 
ranged from 1.46 ± 2.80 µg/m3 (Round 3) to 2.70 ± 7.78 µg/m3 (Round 2).  In a study conducted 
among 288 Michigan households in the United States, a mean ambient area concentration of 
naphthalene was 0.89 µg/m3 (Batterman et al., 2012).  The mean naphthalene cooking area 
concentration in our study was about double (2.70 ± 7.78 µg/m3) of the mean naphthalene 
concentration observed in the Michigan household study.  Similar to the personal BZ 
concentrations, acenaphthylene and phenanthrene were the other PAHs measured in the highest 
concentrations in the cooking areas during the four sampling rounds.   
 Cooking area BaP concentrations ranged from 0.006 ± 0.03 µg/m3 (Round 3) to 0.10 ± 
0.08 µg/m3 (Round 4).  In a study conducted among households using kerosene powered 
cookstoves, a mean cooking area BaP concentration of 0.0076 µg/m3 was observed (Srogi, 
2007), which is similar to the mean BaP concentration measured in Round 3 in this study.  The 
measured cooking area BaP concentrations in our study were nearly 20-fold lower than ambient 
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area concentrations measured in a coke production facility (mean area BaP concentration of 1.96 
µg/m3) (Forouzanfar et al., 2015).  In the previously mentioned U.K. study in which 19 different 
industries were investigated (Unwin et al., 2016), the reported ambient area BaP concentrations 
were higher than observed in the Rwandan households in this study.  The lowest mean ambient 
area BaP concentration of 0.25 µg/m3 observed in the U.K. study was at fish smokehouses, a 
concentration that was over 12-fold higher than the highest cooking area BaP concentration 
measured in Round 4 of our study (0.02 ± 0.01 µg/m3). 
The Effect of Indoor and Outdoor Cooking on Personal PAH Exposure 
 Initially, I hypothesized that the personal PAH exposures would be significantly higher in 
cooks’ who cooked indoors than those who cooked outdoors.  Indeed, we observe that to be true 
in Rounds 1 and 2.  However, in Rounds 3 and 4, no significant difference was observed in 
personal PAH exposures between indoor and outdoor cooking (p=0.364 and 0.385, respectively).  
Despite this observation, in Rounds 3 and 4, each of the individual 16 EPA priority PAH 
concentration was always higher in the BZ of a cook who cooked indoors compared to those who 
cooked outdoors, with the exception of acenaphthylene in Round 4.  Households in which 
cooking was done indoors, the existence of a chimney did not account for the difference in PAH 
levels between indoor and outdoor cooking (Table 4). This was expected as most households did 
not have a chimney to ventilate stove emissions.  Although no significant differences were 
observed between indoor and outdoor personal PAH concentrations among Rounds 3 and 4, 






Table 4: Households with active chimneys. 






 Hartinger and colleagues reported that in Peruvian households with primitive cookstoves 
indoor air quality was modestly improved with a chimney (Hartinger et al., 2013).  Further, Srogi 
and colleagues observed in their study conducted in Trombay, India, that in households where 
kerosene powered stoves were used, indoor PAH concentrations were significantly higher than 
outdoor PAH concentrations (Srogi, 2007).  In a similar study in China, indoor air pollutant 
concentrations were observed to be twice the outdoor concentrations (Downward et al., 2016).  It 
can be concluded that cooking outdoors can serve as an effective method to reduce PAH 
exposure, mainly due to the open-air nature of the environment and subsequently increased 
dispersion of pollutants (Downward et al., 2016).  Cooking outdoors is especially likely to 
reduce exposure to PAHs and household air pollutants when no chimney and/or ventilation is 
available inside the house (Balakrishnan et al., 2004).  Further, cooking outdoors will likely 
reduce exposure to household occupants, such as children, infants, and the elderly.   
The Effect of Primary Stovetype on Personal PAH Exposure: 
 The portable charcoal stove was the most commonly used primary stove type among 
Rwandan households in this study. The second most commonly used stove was the fixed 
charcoal stove. In the first three rounds, no significant difference (p=0.356, 0.08, and 0.159, 
respectively) was observed in the cooks’ personal PAH exposure when either the fixed or 
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portable charcoal stoves were used.  In Round 4, the use of a portable charcoal stove resulted in 
significantly lower personal PAH exposures than when the fixed charcoal stove was used 
(p=0.04). This could be attributed to the portable nature of the stove, allowing a cook to utilize 
the stove in different areas of the household or outside. Cooking with either the portable or fixed 
charcoal stove resulted in significantly higher personal PAH exposures among cooks in all four 
rounds than with the gas cooker or the electric stove.  For example, in Round 4, the gas cooker 
was used by 22 cooks resulting in personal PAH exposure of 0.99  ± 1.02 µg/m3, which was 
significantly lower than when fixed or portable charcoal stoves were used (p=0.003 and 0.005, 
respectively).  
The Canarumwe and 3-stone stoves were rarely used during the four rounds; two cooks 
used the Canarumwe while seven cooks used the 3-stone stove in Round 1, two cooks used the 3-
stone stove in Rounds 2 and 4, one cook used a 3-stone stove while one cook used Canarumwe 
in Round 3.  The use of these stove types resulted in the highest personal PAH exposures 
observed in Round 1, compared to other stove types.  This result is not unexpected as the 
Canarumwe and 3-stone stove are traditional stoves, which may not provide complete 
combustion and, thus, create increased emissions (Choi et al., 2010).   
 The lowest personal PAH exposures among cooks were observed when a gas cooker or 
electric stove was used for cooking.  Gas cookers were used less often than the portable or fixed 
charcoal style stoves in the four rounds.  In Round 4, 22 cooks used a gas cooker, the most out of 
all four rounds, as their primary stove resulting in personal PAH exposure of 0.99 ± 1.02 µg/m3, 
which was significantly lower than in cooks who used the fixed charcoal and portable charcoal 
stoves (p=0.003 and 0.005, respectively).  The lowest personal PAH concentrations amongst the 
four surveys were observed in Round 2, where three cooks used a gas cooker with LPG/natural 
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gas resulting in personal PAH exposure of 0.70 µg/m3.  Similar results were observed by Shen 
and colleagues who investigated PAH emissions from biomass cookstoves to gas-powered 
cookstoves (Shen et al., 2017).  Shen et al. observed that gas-powered cookstoves had the lowest 
PAH emissions compared to a kerosene stove, a traditional wood-burning stove, and a wood 
natural-draft rocket cookstove (Shen et al., 2017).  Only one cook used an electric stove during 
the four surveys. This cook had the second lowest personal breathing-zone concentration (0.87 
µg/m3) recorded during the four rounds. Unfortunately, gas cookers and electric stoves that offer 
the greatest improvements in emissions are among the most expensive stoves to purchase and 
operate (World Bank, 2015). 
 The use of the Mimi Moto as a primary stove increased through the four survey rounds, 
from 0 households in Round 1 to 46 households in Round 4.  In Round 2, the use of the Mimi 
Moto resulted in personal PAH exposures significantly less than the portable charcoal stove, 
though no significant difference existed between the Mimi Moto and the fixed charcoal stove.  In 
Rounds 3 and 4, no significant difference was observed between the Mimi Moto and either the 
fixed or portable charcoal stoves in relation to personal PAH exposures.  Despite no significant 
difference, personal PAH exposures amongst the cooks who used the Mimi Moto stove were less 
than exposures among the cooks who used either the fixed or portable charcoal stove in all three 
rounds during which the Mimi Moto was also used.  In Rounds 3 and 4, the use of the Mimi 
Moto resulted in personal PAH exposures that were significantly higher than when a gas cooker 
was used.  We would expect PAH exposures to be higher when using the Mimi Moto than when 
using the gas cooker, as was observed by Shen and colleagues who compared a gas cooker to a 
biomass rocket-style cookstove, a style similar to the Mimi Moto (Shen et al., 2017).  The use of 
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the biomass rocket cookstove resulted in PAH concentrations significantly higher than the gas 
cooker produced (Shen et al., 2017).  
The Effect of Fuel and Stove Type Use on Personal PAH Exposure: 
 The fuel and stove type combination that resulted in the highest personal PAH exposure 
was fuelwood used with the portable charcoal stove (4.49 µg/m3 ± 2.40), although only two 
cooks used this stove and fuel combination.  Fuelwood was less commonly used as fuel, with a 
total of only 27 cooks using fuelwood throughout the four rounds, but cooks who used fuelwood 
had high personal PAH exposures.  Shen and colleagues observed that fuelwood use resulted in 
two to three-fold higher BZ PAH exposures than when gas or kerosene was used (Shen et al., 
2017). 
 In all four rounds, charcoal was the most commonly used fuel and was typically used in 
combination with portable and fixed charcoal stoves. Charcoal was also used by five cooks with 
the Mimi Moto stove, and their personal PAH exposures were slightly less than cooks using the 
fixed and portable charcoal stoves with charcoal.  In Round 4, three cooks used charcoal with the 
Mimi Moto resulting in personal PAH exposure of 1.15 ± 0.28 µg/m3 whereas the cooks using the 
portable charcoal stove with charcoal fuel (n=80) had personal PAH exposure of 1.83 ± 1.76 µg/m3. 
Largely, personal PAH exposures when using charcoal were less than when using fuelwood but 
greater than when biomass pellets, natural gas, or electricity were used.  Our findings indicate 
that biomass pellets, electricity, and natural gas are potential fuels that cooks can use to decrease 
PAH exposure.   
 The Mimi Moto cookstove was most commonly used in conjunction with biomass pellet 
fuels. Cooks who used the Mimi Moto with biomass pellets had personal PAH exposures around 
half of what from cooks who used fixed charcoal stoves with charcoal experienced.  For the most 
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part, the use of the Mimi-Moto with biomass pellets resulted in lower PAH exposures than when 
the portable charcoal stove with charcoal fuel was used.  However, we observed that the cooks 
who used the Mimi Moto stove combined with biomass pellets in Round 4 had personal PAH 
exposure of 2.50 ± 2.72 µg/m3, while cooks who used a portable charcoal stove combined with 
charcoal fuel had lower personal PAH exposure (1.83 ± 1.76 µg/m3).  This difference may be due 
to the fact that of all the survey rounds, in Round 4, we observed the most households using 
biomass pellets (n=43) and the fewest using charcoal (n=80) as a fuel source.  Our findings 
provide evidence that biomass pellets are a cleaner-burning fuel when used in conjunction with 
the Mimi Moto stove compared to other biomass fuels and stove combinations. It is unclear as to 
whether biomass pellets would provide less PAH emissions when used with other stove types.  
 
The Adoption of Cleaner Cooking Stoves and Effect on Household PAH Exposures 
Households that participated in at least three rounds of surveys and switched to a 
typically cleaner-burning primary stove were examined.  Several cooks switched from a portable 
or fixed charcoal stove to a cleaner primary stove, such as the Mimi Moto or gas cooker.  In one 
case, after making a stove-type switch, both mean personal BZ and cooking area PAH 
concentrations decreased, as seen for Household 1 (Figure 32).  In this instance, the cook used a 
portable charcoal stove in Rounds 1 and 2 and then switched to a Mimi Moto, which drastically 
decreased personal BZ and cooking area PAH concentrations in Rounds 3 and 4.  Other 
households in which only the cook’s personal exposure was measured, a switch to a cleaner-
burning stove decreased personal PAH exposures, as is seen for households 10 and 15 (Figures 
35,36).  After switching to a cleaner-burning cookstove, personal PAH exposures were at least 5-
fold lower than when using the less efficient cookstoves, such as the fixed charcoal stove.  The 
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results from households 1, 10, and 15 make it apparent that switching to a cleaner-burning 
cookstove can drastically lower personal and cooking area PAH exposures.  Our results are in 
line with other studies that compared fuel and stove types.  Shen et al. found that burning wood 
in traditional cookstoves resulted in PAH concentrations nearly 100 times higher than PAH 
concentrations resulting from using a gas cooker (Shen et al., 2017). 
 Three households who participated in at least three rounds of surveys experienced an 
increase in cooks’ personal PAH exposure after making a switch to traditionally cleaner-burning 
cookstoves.  This was observed in Household 2 (Figure 32), where the Mimi Moto was utilized 
as the primary stove in Round 3, and the cook’s PAH exposure was slightly higher than in Round 
4 when the cook used a fixed charcoal stove.  Further, the cook’s exposure in Round 3 when the 
Mimi Moto was used was more than two-fold higher than in Round 1 when the cook used a 3-
stone stove.  Similar results were observed in Households 4 and 8 (Figures 33,34), in which 
modest increases in cook’s PAH exposure were observed after switching from charcoal 
cookstove to a cleaner-burning stove.  
The increases in cooks’ personal PAH exposure after adopting a cleaner-burning stove 
may be due to the households using a secondary stove that was not a cleaner-burning variety.  
All three households that experienced increases in cooks’ PAH exposure after switching to a 
cleaner-burning cookstove did use a traditional, less efficient secondary stove to some degree.  
Household 8 (Figure 33), which experienced an increase in the cook’s personal PAH exposure in 
Round 4 after switching to a gas cooker as the primary stove, used a secondary portable charcoal 
cooker.  The use of a secondary stove could have confounded our results, increasing personal 
PAH exposure if it was used in conjunction with the gas cooker.  Other factors could cause 
variability in the results as well, such as whether the cook cooked indoors or outdoors, which can 
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alter PAH concentrations (Pandit et al., 2001).  This situation was observed in Household 10 
(Figure 34), where a less efficient cookstove was used outdoors during the first three survey 
rounds, and then, in Round 4, when the gas cooker was used, the cook switched to cooking 
indoors.  This switch in cooking location could have resulted in the increased personal PAH 








Our goal in this study was to determine household cooks’ personal BZ and cooking area 
PAH concentrations and profiles. In addition, we aimed to understand the various factors at play 
that can influence PAH concentrations and profiles, such as stove type, fuel type, cooking area 
location, and the duration of stove use.  We further aimed to understand how the Mimi Moto 
cookstove intervention influences cook’s PAH exposure.  The results of our study indeed provide 
valuable insights into the myriad of variables that affect PAH exposures to primary cooks and 
household occupants. These insights could be used to educate the nearly 3 billion people 
worldwide who rely on inefficient cookstoves, and potentially reduce exposure to PAHs in 
primary cooks and household occupants such as children and the elderly.  To that end, the 
insights could be used to improve future cookstove initiative programs and education campaigns 
in developing countries around the world.  For example, our results make it clear that relatively 
simple changes, such as cooking outdoors, can have substantial impacts on PAH exposure for 
both cooks and household occupants. Educating households and primary cooks regarding these 
behavioral changes could result in decreased PAH exposures. 
We further observed that households who participated in at least three rounds of surveys 
and switched to a cleaner, more efficient cookstove such as a gas cooker or Mimi Moto, 
generally had lower personal PAH exposures.  In cases where cooks’ PAH exposures were not 
decreased after switching to a cleaner stove, the results were explained by cooking location 
(indoors vs. outdoors) or secondary stove usage. 
We observed that naphthalene was the most predominant PAH present throughout the 
four surveys.  Two other dominant PAHs were acenaphthylene and phenanthrene. BaP, the Class 
1 carcinogenic PAH, was also measured in all of the four rounds. Concentrations of BaP were 
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low compared to other PAHs, but due to its carcinogenic nature, there is no safe level of 
exposure.  BaP levels measured in our study were lower than occupational exposures commonly 
measured in various industries, such as fish smoking and coke oven industries.   
More research is needed to determine the effectiveness of the Mimi Moto in reducing 
PAH exposures because of the variable results observed in this study. In some cases, cooks using 
the Mimi Moto as the primary stove had slightly lower PAH exposures compared to cooks who 
used a traditional stove, such as a portable or fixed charcoal stove and, in other cases, the use of 
Mimi Moto resulted in higher exposures than the use of a traditional stove.  We did, however, 
observe that cooks who used either a gas-powered cookstove or an electric cookstove had lower 
PAH exposures than cooks using any other stove type encountered in our study.  The use of 
cleaner-burning cookstoves should be advocated, and cost barriers should be removed so that 
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